Abbreviations
=============

AbISCO**^TM^**-100®

:   adjuvant based on saponin; immunostimulant complex matrix

LAL

:   limulus amebocyte lysate

Introduction {#s0001}
============

*Neisseria meningitidis*, a Gram-negative bacterium*,* typically serves a commensal role as part of the normal nasopharyngeal flora. However, under certain circumstances, the bacterium can cause severe meningitis and septicemia. *N*. *meningitidis* is unique among meningitis-causing pathogens for its ability to cause large-scale epidemics.[@cit0001]

Currently, 13 different *N. meningitidis* serogroups have been defined based on the immunoreactivity of their cell surface polysaccharides (CSP). Among them, groups A, B, C, W-135, Y and, recently, X^2^ are responsible for over 90% of severe meningitis and septicemia cases due to *N. meningitidis*.[@cit0001] However, the dynamics of meningococcal epidemiology is changing.[@cit0004]

Several conjugated vaccines have been developed to control the severe consequences of infection.[@cit0005] The meningococcal group C conjugate (MenC) vaccine was developed by Chiron and Wyeth using *N. meningitidis* outer membrane vesicles and a genetically detoxified diphtheria toxoid (CMR197) as the adjuvant. Baxter Vaccines developed a similar vaccine using tetanus toxoid as the carrier.[@cit0006] In young infants, these vaccines appear to be safe and immunogenic by inducing long-term immune memory.[@cit0007] A tetravalent conjugate vaccine has been developed at Sanofi-Pasteur[@cit0008] that incorporates polysaccharides from groups A, C, Y and W-135 covalently linked to diphtheria toxin (MCV4). In all cases, adjuvants were required. Finally, quadravalent meningococcal conjugated vaccines have been developed by Sanofi-Pasteur-Merck, Novartis and GlaxoSmuthKline.[@cit0009]

*N. meningitidis* group B, responsible for approximately 50% of meningococcal disease cases worldwide, is the only serogroup whose infection cannot be prevented by a polysaccharide vaccine, because a similar polysaccharide is present in human tissues that increases the possibility of autoimmunity as a consequence of vaccination.[@cit0010] Although new serogroup B vaccines have been recently reported,[@cit0011] the development of safe serogroup B vaccines against *N. meningitidis* remains a challenge. Recently, Novartis developed a vaccine with wider coverage (4CMenB vaccine), based on 3 components and outer membrane vesicles (OMV) of the MenZB strain, and this vaccine has undergone clinical trials in Chile[@cit0013] and the UK.[@cit0014]

Research on vaccines for serogroup B have primarily focused on outer-membrane vesicles (OMV) carrying either native or heterologous cell surface protein antigens. Native OMVs, usually prepared by detergent extraction from the bacteria, contain intact outer membrane proteins (OMP) and lipo-oligosaccharides (LOS).[@cit0015]

More extensive studies on group B OMV vaccines have been performed in response to national outbreaks in Cuba, Norway, Brazil and New Zealand. These vaccines were found to be 47--83% effective,[@cit0012] however, they did not provide sufficient protection in children under 4 years old.[@cit0018] These vaccines showed lower efficacies in Chile[@cit0019] and Brazil.[@cit0020] Additionally, a vaccine based on a similar development strategy has been recently licensed and trialed in New Zealand, where an epidemic of meningococcal disease caused by a single serosubtype emerged.[@cit0021] This vaccine, however, provided limited protection for only specific meningococcus B strains.[@cit0023]

The PorA protein is the major OMP present on the meningococcal surface, and it is expressed by almost all meningococcal strains. It has a molecular weight of approximately 42 kDa and functions as a cationic porin.[@cit0024] The PorA protein was identified as an immunodominant antigen that is a target of bactericidal antibodies.[@cit0025] Additionally, the bactericidal activity detected in sera from human subjects immunized with experimental OMV vaccines correlated with antibodies against PorA.[@cit0026] PorA porin has been proposed as a promising target for the development of new meningococcal vaccines.

However, PorA-based vaccines have a limited protection coverage, i.e., there is no universal PorA-based vaccine. Moreover, in most cases, vaccine protection is effective against the strain with the same typing as that used for immunization, as in the case of the tailor-made MeNZB vaccine.[@cit0022]

Protective immunological cross reaction by PorA is rather modest. This is due to the PorA segments, which are involved in the induction of bactericidal immune response (VR1 and VR2 sequences) and correspond to the same variable regions utilized for typing the wide diversity of *N. meningitidis* strains. It is well known that a huge number of *N. meningitidis* strains have been typed using VR1 and VR2 sequences, which have been deposited at the Neisseria PorA typing data bank.[@cit0027] Therefore, as previously reported developing a PorA-based vaccine with a wide range of coverage will be a difficult task.

Recombinant technology has been used to produce an OMV hexavalent vaccine containing 6 PorA subtypes.[@cit0026] In addition, it was found that the immune response in mice caused by a mixture of OMV carrying 6 different PorA antigens per particle (HexaMix) was different in magnitude compared with that induced by a mixture of monovalent OMV (HexaMen) with the same 6 genotypes each contained on a single OMV particle. However, these responses were subtype-biased and showed the same serum bactericidal antibodies (SBA) titer profile.[@cit0028] Regarding these aspects, a discussion about different strategies for development of vaccines against serogroup B has been published.[@cit0029] These observations indicated difficulties in obtaining a PorA-based vaccine capable of inducing a bactericidal response against different VR1/VR2 genotypes with similar titer values for each serosubtype.

In addition, a design with 9 distinct PorA subtypes (NonaMen) has been obtained.[@cit0030] Multiple PorA serotype vaccines have been administered as a 3-dose series in infants; nevertheless, they showed a modest efficacy. However, after a fourth dose in toddlers, a satisfactory immune response could be induced.[@cit0032]

Another disadvantage of designing vaccines using purified PorA is that PorA behaves as a better antigen in its natural environment, i.e., the outer membrane. For instance, it has been reported that 96% of LPS is removed from PorA after PorA purification, and antibodies raised by OMV were bactericidal, but those raised by purified PorA were not. However, this problem was resolved when PorA was incorporated into liposomes[@cit0034] Because of this, most of the recent efforts on *N. meningitis* vaccines have been focused on the use of OMVs.[@cit0035]

Immune Stimulating Complexes (ISCOMs) had been developed as a different approach to deliver antigens to the immune system. They are artificial hollow particles with lipids and a natural detergent, which bind antigens on their surface and those within them.[@cit0036] ISCOM formulations require a simple mixture with a defined antigen that can induce bactericidal antibody as a response in animal models, to be tested as potential vaccines.[@cit0037]

Using this approach, PorA has been purified from meningococcal strains and mixed with aluminum phosphate, QuilA and ISCOM as adjuvants.[@cit0038] This attractive strategy for developing potential new meningococcal serogroup B vaccines has been tested with recombinant outer membrane proteins, purified from other bacterial membrane components, particularly meningococcal LPS and capsule components. The recombinant PorA (rPorA) protein from a single strain of *N. meningitidis* serogroup B has been purified from *E. coli* cells and incorporated into liposome particles. When this type of vaccine was tested in a murine model, it induced a protective immune response.[@cit0034] Additionally, an extended approach has been tested, which is a liposome-based vaccine containing recombinant PorA from 4 serosubtypes, protecting against a broad range of meningococcal strains.[@cit0040]

To improve the immune response of rPorA, AbISCO**^TM^**-100® (an ISCOM with the antigen adsorbed on the matrix surface, as described by Lövgren et al.[@cit0041]) was selected as a novel adjuvant, particularly because of its immunomodulation properties after simple addition of purified protein antigens.[@cit0042]

Presently, the availability of safe adjuvants approved by the FDA for human use is limited. Alum (AL(OH)~3~ gel), MF59 (nano emulsions of squaleno oil), MPL (a glycolipid), QS21 (obtained from the tree *Quillaja saponaria*), cholera toxin B subunit and VLP (viral self-assembled particles) have been used in human vaccines.[@cit0043] Precisely mutated adjuvants derived from cholera (CT) and diphtheria (DT) toxins produce serious side effects. The development of new adjuvants for production-efficient vaccines is highly desirable.

In this report, we describe the purification of the rPorA protein, whose gene was obtained from a Chilean bacterial strain, its formulation with AbISCO**^TM^**-100® and its oral immunization assay using BALB/c mice as an animal model for vaccination. We observed a protective immune response against *N. meningitidis* serogroup B, according to the international definition of protective responses. We used the *N. meningitidis* strain B:15:P1.3 as the source of PorA, because it has been the most prevalent and frequent serotype isolated in Chile over the last 20 years.[@cit0044]

When PorA alone was used as an immunization control antigen delivered by oral route, we found that the bactericidal antibody titers were similar or even higher than those achieved with the AbISCO**^TM^**-100® mixtures. These adjuvant-like and strong immunizing properties of the PorA molecule and its enhanced ability to overcome protease digestion during gastrointestinal transit have not been previously described. Additionally, these features suggest that the intrinsic properties of this protein, which go beyond the strong immunogenic characteristics of an antigen, are optimal not only for developing a single vaccine component but also for a potential use as an adjuvant with apparently no toxicity, for formulating various vaccines.

Results {#s0002}
=======

Cloning, expression and purification of the rPorA protein from a Chilean meningococcal strain {#s0002-0001}
---------------------------------------------------------------------------------------------

The *porA* gene was amplified by PCR using DNA from *N. meningitidis* B:15:P1.3 as the template[@cit0045] and *Pfu* DNA polymerase (Stratagene). The strain has been annotated as B15: P1.7b,3, following the PorA VR type designation,[@cit0046] and the original PorA gene sequence has been deposited[@cit0045] at the GenBank as acc \# L02929. This strain belongs to the clonal complex group ET-5.[@cit0047] The PCR product, as expected, was approximately 1.2 kb. This dA tailed fragment was cloned in pGEM-T/ DH5α cells and subcloned in the expression system pET21a/BL21 (DE3) ([**Fig. 1**](#f0001){ref-type="fig"}). With respect to the design, the clone lacked the initial 8 codons and the last 11 codons to avoid the assembly of PorA in the outer membrane; however, it included 21 bp of the pET21 polylinker region and 18 bp of additional nucleotides provided by the vector encoding a polyHis tail as the PorA C-terminus. The porA gene was sequenced and the corresponding sequence perfectly matched the one previously described.[@cit0045] The open reading frame was 1155 bp, close to the size of the wild-type sequence. These features promoted the PorA expression as inclusion bodies. Recombinant PorA (rPorA) was expressed in *E. coli* BL21 (DE3) cells after 2 hours of IPTG induction and was purified from inclusion bodies using a Ni-NTA-Sepharose gel column. Several 0.5 ml eluted fractions from the column were analyzed by SDS-PAGE ([**Fig. 2A**](#f0002){ref-type="fig"}) and Western blotting with anti-PorA rabbit antibodies ([**Fig. 2B**](#f0002){ref-type="fig"}), revealing a single protein band of approximately 42 kDa. rPorA was additionally identified using a commercial (Novagen) monoclonal antibody against His-tag (data not shown). To eliminate *E. coli* LPS as a contaminant in the purified protein, a washing step with isopropanol before the final column elution was performed. Finally, an additional step for pyrogen removal (Detoxi-Gel^TM^ ) was included (see methods). Figure 1.Cloning of the *porA* gene from *N. meningitidis* B15 P1.3 in the plasmid pET21a. A. PorA gene PCR amplification. The fragments were separated on a 1% agarose gel and stained with ethidium bromide. Lane 1 = λ*/Hind III-*digested molecular weight DNA standard. Lane 2 = PCR control reaction with a single PorA-1F primer. Lane 3 = control reaction with PorA-1R primer. Lane 4 = reaction with both primers and *N. meningitidis* chromosome as template. Lane 5 = λ*/Bst II-digested* DNA molecular weight standard (Gene Craft). B. Cloning of the amplified products by ligation to the pET21a plasmid. Lane 1 = λ*/Bst II-digested DNA molecular weight standard.* Lane 2 = pET21a-porA plasmid DNA without digestion. Lane 3 = pET21a-porA plasmid DNA under double digestion with *Nde I* and *Hind III*. Figure 2.Purification of PorA recombinant protein from *E. coli* BL21 (DE3) culture using Ni-NTA column chromatography. A. Analysis of fractions by 10% SDS-PAGE. Lane 1 = Mark12^TM^ unstained protein standard (Invitrogen). Lane 2 = total bacterial extract before purification. Lanes 3 to 10 = 2 ml fractions of purified rPorA eluted from a Ni-NTA column under denaturing conditions (8 M urea), as described in the methods section. B. Western Blot of the same purified rPorA fractions. Lane 1 = PageRuler^TM^ Prestained Protein (Fermentas). Lane 2 = Total bacterial extract before purification. Lanes 3 to 10 = Fractions of purified rPorA.

Immunogenicity of the rPorA preparations in mice by oral route {#s0002-0002}
--------------------------------------------------------------

For evaluating the specific IgG response against rPorA, suspensions containing 5 and 10 μg of the purified rPorA protein were mixed with 25 μg of AbISCO**^TM^**-100® adjuvant (expressed as micrograms of *Quillaja* saponins), following the instructions from the AbISCO**^TM^** manufacturer, and the response after the oral immunization of the mice was analyzed. Five groups of 8 mice each were formed: one group was immunized with 5 μg of rPorA mixed with AbISCO**^TM^**-100® as the adjuvant, another group was immunized with the same mixture but containing 10 μg of rPorA, 2 other groups were immunized with the corresponding amounts of the protein alone, and the last group was immunized with 25 μg of adjuvant (AbISCO**^TM^**-100®) alone. Pools of sera from each group were analyzed in triplicates.

The mice immune response to the rPorA protein was initially analyzed by the IgG reactivity of the sera, using ELISA. Except for the control group immunized with the AbISCO**^TM^**-100® adjuvant alone, all experimental groups presented a significant increase in the level of IgG anti-PorA activity ([**Fig. 3**](#f0003){ref-type="fig"}, *P* \< .*05*). The groups immunized using 10 μg of the rPorA protein with or without AbISCO**^TM^**-100® as adjuvant showed the highest serum titers compared with the corresponding groups immunized using 5 μg of the rPorA protein. This result demonstrated a PorA concentration-dependent response. We did not observe a significant difference (*P* \< *.05*) between the formulations with or without AbISCO**^TM^**-100® as the adjuvant ([**Fig. 3**](#f0003){ref-type="fig"}). The integrity of the rPorA protein in these formulations before mice immunizations was verified by SDS-PAGE and Western blotting, and no degradation was observed (data not shown). An assay with the PorA protein administered by injection and aluminum as the adjuvant was not performed, because the purpose of the above experiment was to validate PorA as an adjuvant through the oral route. Different immunization routes induce different immunological responses,[@cit0048] rendering this comparative analysis more difficult to evaluate. Figure 3.Anti-PorA antibodies responses to oral immunization in BALB/c mice using different rPorA formulations: PorA formulations rPorA 5 y 10 μg*,* AbISCO-PorA 5 y 10 μg. Immunization was evaluated in 8 groups of mice as described in the materials and methods section. The ELISA was performed as described in the materials and methods section.

Analysis of the predominant IgG subclass in mice immune sera raised against the rPorA protein {#s0002-0003}
---------------------------------------------------------------------------------------------

To evaluate whether the induced immune response of the mice against rPorA was class-specific IgG~1~ and/or IgG**~2a~** in the experimental groups, the Mouse Immunoglobulin Isotyping ELISA Kit assay was performed after being modified as described in the methods section. [**Figure 4**](#f0004){ref-type="fig"} shows the distribution of IgG isotypes in all experimental groups. The IgG**~1~** isotype ([**Fig. 4A**](#f0004){ref-type="fig"}) was significantly more predominant (*P* \< *0.05*) compared with IgG**~2a~** ([**Fig. 4B**](#f0004){ref-type="fig"}). The formulation with 5 μg of PorA (with or without AbISCO**^TM^** -100®**)** induced the highest relative units of IgG~1~ compared with the formulation with 10 μg of rPorA. No significant differences (*P* \< *0.05*) were observed between the groups with or without AbISCO**^TM^**-100®. Figure 4.Anti-PorA specific responses of IgG1 and IgG2a antibodies to immunization with different rPorA formulations. (**A**). Antibodies anti-IgG1 in different immunized group formulations: AbISCO-PorA 5 and 10 μg and rPorA 5 and 10 μg alone. The immunization was evaluated in 8 groups of mice, as described in the material and methods section. ELISA was performed as described in the materials and methods section. (**B**). Antibodies anti-IgG2a in different immunized group formulations with 5 and 10 μg of the recombinant protein AbISCO-PorA and 5 and 10 μg rPorA alone. ELISA was performed as described in the methods section. All values were expressed in relative units.

Secretion of IL-4 and IFN-γ cytokines in cultured splenocytes from immunized mice after *in vitro* rPorA pulse {#s0002-0004}
--------------------------------------------------------------------------------------------------------------

Cultured splenocytes were pulsed with 5 μg of the rPorA protein. IL-4 secretion was predominant over IFN-γ cytokine secretion in all experimental groups ([**Fig. 5**](#f0005){ref-type="fig"}). The secretions of IFN-γ in the same experimental groups was barely detectable. A significant increase of IL-4 secretion was observed in the experimental group immunized with 5 μg of the rPorA protein ([**Fig. 5A**](#f0005){ref-type="fig"}, *P* \< .05). Figure 5.Secretion of interleukin from splenocytes in response to stimulation with rPorA in different experimental groups. (**A**). ELISA: IL-4 secretion in splenocytes stimulated with 5 μg of rPorA. (**B**). ELISA: IFN-γ secretion in splenocytes stimulated with 5 μg of rPorA. A significant increase in IL-4 secretion in the experimental group immunized with 5 μg of PorA protein was observed (*P* \< .05).

Bactericidal activity of PorA-immunized mice sera {#s0002-0005}
-------------------------------------------------

Detection of bactericidal activity in immunized sera strongly supports the notion that a relationship exists between the presence of complement-mediated bactericidal antibodies in the serum and protection against developing invasive meningococcal disease.[@cit0012] In general, a dilution titer ≥ 1:4 is accepted as a protective threshold titer in Europe, whereas a dilution titer ≥ 1:8 is used for the same criterion in the United States.

The ability of immunized mouse sera to promote *in vitro* complement-mediated killing of meningococci was tested via a standardized assay using our experimental groups. The bactericidal activity of the pools of murine sera from each group was determined in triplicates, against the same strain used as the source for the *porA* gene cloning. Human serum was used as an exogenous source of complement. We observed bactericidal activity for dilutions up to 1:8 dilution in all sera from each experimental group ([**Table 2**](#t0002){ref-type="table"}). The experimental groups immunized with 5 μg of PorA showed the highest bactericidal activity (dilution serum = 1:16). Table 2.Sequences of primers used in this workName5′ → 3′ nucleotide sequenceRestriction Sites\*PorAFCATATGTTGTCCGCACTGCCGCTTGCGGCC*NdeI*PorARAAGCTTAATTTGAGTGTAGTTGCCGATGCC*HindIII*PorAF222ATGCATCAAGTGATTTCGGCTCGTTTATCGGC*NsiI*PorAR222GATATCTTATCTAGACGCCACATTGGCGTGTTT*EcoRV, XbaI*PorAF351ATGCTACAGATGTCAGCCTGTACGGCGAAATC*NsiI*PorAR351GATATCTTATCTAGAGGTATTGCGTTTCAGCCA*EcoRV, XbaI*PorBFCCATGGCAAAATCCCTGATTGCCCTGACTTTGG*NcoI*PorBR1AAGCTTTCAGAATTTGTGGCGCAGACCGACACCGCC*HindIII*PorBR2AAGCTTTCAGAATTTGTGAGCCAGACCAACCATGCT*HindIII*HpaAFCCATGCATCAATGAAACCAAATGGTCATTTT*NsiI*HpaARCCTCTAGATTATCGGTTTCTCTTGTTTT*XbaI*HPAAXBAFTCTAGAATGAAAACAAATGGTCATT*XbaI*HPAAXHORCTCGAGTTATCGGTTTCTCTTGTTT*XhoI*[^1] Table 1.SBA titers of mice immunized with rPorA or rPorA + AbISCO**\***Experimental groupSBA Titer\*rPorA (5 μg) + AbISCO8rPorA (5 μg)16rPorA (10 μg) + AbISCO8rPorA (10 μg)8[^2][^3][^4][^5][^6]

Enhanced IgG antibody response against *H. pylori* HpaA antigen after the oral immunization of the mice with *Lactococcus lactis* expressing a PorA-HpaA hybrid construction {#s0002-0006}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To demonstrate that PorA may actually perform as an adjuvant, 2 hybrid constructions obtained by the in frame ligation of different PorA gene segments to the gene encoding the *H. pylori* HpaA adhesin were used as oral immunization agents in the mice. One hybrid gene was formed by the segment encoding from Ser~61~ to Gly~222~ bound to the entire *hpaA* gene through its ATG start codon. Additionally, the other hybrid covering from Asp~1~ to Gly~351~ was bound to the complete *hpaA* gene. Each hybrid was separately inserted into the pSEC vector and transferred to *L. lactis* by electroporation. The expression of both hybrids was confirmed using SDS-PAGE and Western blotting. Five immunization groups of 7 mice each were formed: group 1 was treated with PBS, group 2 with *L. lactis* carrying only the pSEC vector, group 3 with *L. lactis* harboring the pSEC-HpaA plasmid, group 4 with *L. lactis* expressing the pSEC PorA~351~-HpaA hybrid, and group 5 with *L. lactis* expressing the PorA~222~-HpaA hybrid. Each *L. lactis* immunization dose was approximately 1 × 10[@cit0007] UFC per mice and each mouse received 6 doses during the immunization protocol. The mice immunized with the PorA~222~-HpaA hybrid induced 3 fold more anti-HpA antibodies compared with the mice immunized with the HpaA antigen alone ([**Fig. 6**](#f0006){ref-type="fig"}). In contrast, the hybrid PorA351-HpaA did not induce a comparable level of antibodies. In addition, the IgG immune response against HpaA was not enhanced in the *L. lactis* strain carrying only the pSEC empty plasmid, indicating that this increased antibody response was due to the presence of PorA~222~ in the fused fragment, which was acting as an adjuvant. Figure 6.Humoral response of IgG anti-HpaA in mice after oral immunization with *Lactococcus lactis* strain expressing a PorA-HpaA hybrid driven by nisin-inducible promoter in the pSEC plasmid. Antibodies (as arbitrary units) were determined through ELISA using purified HpaA antigen bound to the plate wells. Five groups of 7 mice each were immunized with PBS, *L. lactis* carrying only the pSEC vector, *L. lactis* expressing *H. pylori* HpaA antigen, the PorA351-HpaA hybrid and the PorA222-HpaA hybrid. The antibodies were evaluated at different stages during the immunization protocol: PI = previous to primary immunization; PB = previous to boosting (week 3), PC = previous to challenge (week 6) and PS = previous to sacrifice (week 9). The PtdIns values were subtracted from the other samples. (\*) *P* \< 0.05 and (\*\*\*) *P* \< 0.001.

Altogether, these results demonstrated that rPorA and PorA covalently bound to the non-related HpaA antigen could perform as adjuvants when orally administered in mice, either as the purified recombinant protein or when expressed in *L. lactis*.

*In vitro* PorA resistance against gastrointestinal tract proteases, in comparison with PorB adjuvant {#s0002-0007}
-----------------------------------------------------------------------------------------------------

Because *N. lactamica* PorB has been defined as a potential adjuvant[@cit0049] and to compare the usefulness of PorA as an oral adjuvant, we submitted the PorA and PorB proteins to *in vitro* protease degradation for comparing their stability properties. The purified PorA and PorB recombinant proteins were incubated with pepsin, trypsin and chymotrypsin for 16 min at 1.2/1, 1/50 and 1/20 protease/substrate mass ratios, respectively. To evaluate the protease susceptibility of the antigens, the PorA and PorB protease-treated products were separated by SDS-PAGE, and the entire protein and fragments containing the C-terminus His-tag region were detected using Western blotting with a commercial anti-His~6~ antibody ([**Fig. 7**](#f0007){ref-type="fig"}). However, this method is unable to detect protease cuts located close to the N-terminus, because the release of a few amino acids will not alter the electrophoretic migration of the digested antigen. PorA stood undigested for at least 16 min when submitted to these 3 proteases under the assay conditions. In contrast, PorB incubated with trypsin gave a 22 kDa intermediate product detectable after a 4-min incubation, and after the incubation with chymotrypsin, no His-tag was detected, indicating early PorB degradation. However, PorB was not degraded by pepsin under the assay conditions, but incubations longer than 20 min gave 15 kDa and 22 kDa products (not shown). These results indicate that PorA, unlike PorB adjuvant, has the potential to be used directly as an oral adjuvant or as a hybrid protein fused in frame to the N-terminus of a particular antigen and expressed in *L. lactis*. Figure 7.PorA resistance to protease digestion compared with that of PorB. *In vitro* incubations were performed with pepsin (**A**), trypsin (**B**) and chymotrypsin (**C**) in the final volume of 300 μl. Twenty-five microliter of rPorA at 0, 4, 8, 12 and 16 min (lanes 2 to 6) and PorB (same times, lanes 8 to 12) were collected and analyzed through SDS-PAGE and Western blotting using His-tagged PorA and PorB proteins. The protease/substrate ratio were 1.2/1 (pepsin), 1/20 (trypsin) and 1/50 (chymotrypsin). The active enzyme added was approximately 0.3 units per assay. The MW for rPorA and rPorB were 42 kDa and 38 kDa, respectively. A single 22 kDa trypsin degradation product was observed for PorB (panel B, lanes 9-12) but none for PorA. PorB was degraded early and completely by chymotrypsin (panel C, lanes 9-12). The relevant bands of Prestained protein standard (Fermentas) are indicated. A positive control reaction (3 ng of His-tagged VP2 protein from the Infectious Pancreatic Necrosis Virus) was included (panel C, lane 13).

Discussion {#s0003}
==========

The development of an effective vaccine against meningococcus serogroup B continues to be a challenge for researchers, and the prevention of meningococcal infection around the world depends on the availability of an appropriate vaccine.[@cit0012]

Until now, several proteins from the outer membrane of meningococcal B have been tested using different vaccine strategies. Among these proteins, PorA,[@cit0028] NspA,[@cit0053] Transferrin-binding proteins,[@cit0054] LP 2086,[@cit0056] GNA 1870,[@cit0015] GNA 2132[@cit0057] and NadA[@cit0058] are the most studied.

PorA protein is a compelling potential antigen for the development of a meningococcal B vaccine; it has been described as a major target for bactericidal antibodies in patients suffering from invasive meningitis disease,[@cit0059] as well as in experimental OMV vaccines.[@cit0034]

Nevertheless, the application of PorA-based vaccines has limitations. Due to the wide variability of PorA epitopes located at the VR1 and VR2 regions, a reduced spectrum of bactericidal antibody cross-reactivity can be expected for a particular PorA subtype. To obtain a wider coverage, vaccine strains carrying 6 (HexaMen) and 9 (NonaMen) different PorA serosubtypes have been designed.[@cit0026] Additionally, it has been estimated that NonaMen vaccine will probably cover 75% of the serogroup B strains present worldwide.[@cit0030] However, this will not be enough to protect from hundreds of PorA serosubtypes existing around the world.[@cit0027] However, a tailor-made vaccine designed to protect from a particular PorA subtype strain has been successfully used to control a particular epidemic outbreak in New Zealand.[@cit0022]

In this study, the porA gene was cloned from a meningococcal B clinical isolate using PCR. The amplified product was ligated to the pET21a plasmid without the last 11 codons, to avoid the assembly of the protein in the outer membrane, and without the 8 initial codons of the signal peptide, favoring the PorA expression in *E. coli* cytoplasm as inclusion bodies. In addition, the normal translation stop codon of the gene was removed, and a His-tag coding region and a new stop codon were provided by the vector to facilitate protein purification. The rPorA protein was expressed in *E. coli* cells as inclusion bodies and purified under denaturing conditions (8 M urea), to obtain a soluble protein. Urea was removed by dialysis, and rPorA was purified and isolated as a trimeric structure after refolding, as described by others.[@cit0034] The conformation of the soluble rPorA as a trimer does not necessarily represent a correctly assembled structure as in the native protein, after insertion into the outer membrane of *N. meningitidis*. Native PorA folding is assisted by Omp85, a periplasmic assembly factor.[@cit0061] However, in *E. coli* cells during heterologous expression of OMPs, YaeT, a corresponding *E. coli* Omp85 counterpart is available at the periplasm,[@cit0062] but it may not be able to render the native folded structure for rPorA. It has been suggested that the role of YaeT in the assembly of *Neisseria* OMPs is not through lipid biogenesis, as debated for Omp85 in *Neisseria*, thus explaining the limited assembly function of the YaeT Omp85 homolog. In addition, this Omp85 interaction, which is required for PorA folding, presents species specificity, explaining the inefficient assembly of OMPs from *Neisseria* in *E. coli*. In this aspect, the *in vivo* assembly of the Neisserial porin rPorA into the *E. coli* outer membrane has been accomplished after adapting its signature sequence, demonstrating that the Omp85 assembly machinery recognizes OMPs by virtue of their C-terminal signature sequence.[@cit0063]

We suggest that *in vitro* refolded rPorA monomer may have a different 3D structure but is still capable of adopting a trimeric structure and withstanding the traffic through the gastrointestinal system of mice. In this regard, it has been reported that *in vitro* folded trimeric PorA is resistant to 2% SDS and low pH conditions.[@cit0064] In addition, we tested its integrity after trypsin incubation, observing that rPorA is additionally resistant to 50 μg/ml of protease for 20 min. These findings suggest that rPorA may be able to resist passage along the gastrointestinal system after oral administration. We propose that refolded PorA may expose strongly immunogenic linear or conformational epitopes to the immune system, thus explaining its remarkable serological response after immunization without an adjuvant. However, this proposal demands further analysis.

We partially characterized the immune response and observed that all experimental mice groups presented a serological response of increased rPorA-specific IgG. Additionally, we analyzed the secretion of cytokines in splenocytes pulsed with rPorA and observed a predominant enhancement of IL-4 over IFN-γ in all experimental groups, indicating that oral immunization with PorA (with or without adjuvant) induces a cytokine pattern corresponding to a Th2-type response. Accordingly, we believe that a Th2 response may be the most effective in controlling and protecting against Neisserial infection. The *in vitro* measurement of IL-4 showed a cellular response against PorA by oral immunization, suggesting the induction of an effective mechanism against *N. meningitidis*. Isotype antibody identification corroborates the results of the *in vitro* assays, exhibiting the predominance of IgG~1~ over IgG~2a~ in the immunized sera. Furthermore, the predominance of IgG~1~ indicates that a cellular response induced by PorA stimulates an isotype switch to IgG~1~ production, a common bactericidal isotype.[@cit0065] This finding is compelling because rPorA is capable of inducing a systemic Th2 response following oral immunization.

Residual *E. coli* LPS bound to rPorA might explain the adjuvant properties described here for rPorA. However, rPorA was expressed in *E. coli* as inclusion bodies accumulated at the cytoplasm, and subsequently, the protein was purified, solubilized and renatured after dialysis, with decreasing amounts of urea. Therefore, rPorA may have had little chance to bind *E. coli* LPS *in vivo* during protein transit to achieve outer membrane assembly. However, LPS could be captured as a contaminant after bacterial lysis required for rPorA purification. Nevertheless, the LPS level in our rPorA preparations was approximately 100 units of endotoxin/ml, as measured using the Limulus Amebocyte Lysate (LAL) kit (results not shown). Moreover, this amount of LPS in our rPorA preparations was unable to induce IL-4 secretion in the total splenocyte culture assay.

Our results contrast with those reported by Peeters et al.,[@cit0038] regarding the ability of PorA to induce bactericidal antibodies after the oral immunization of mice. They described that after testing various presentation forms of *N. meningitidis* PorA in mice, this protein (up to 10 μg per dose), using either AlPO~4~ or QuilA as adjuvant, was unable to induce bactericidal antibodies when used for subcutaneous immunization. They additionally reported that bactericidal antibodies were produced with either the OMV of *N. meningitidis* B strain or PorA-ISCOM formulations. Additionally, only PorA folded in its native conformation, inserted in OMV or liposomes, could induce bactericidal antibodies.[@cit0034] These results contrast with ours, indicating that purified rPorA administered via oral route is able to induce bactericidal antibodies. We propose that the route of administration, a well-known factor in vaccine efficacy, or the PorA itself (a different strain was used as the PorA source in the other report[@cit0034]) possibly accounts for the differences observed in these reports.

We did not include injected PorA as a control in our assays, as part of the comparative studies on PorA as an antigen administered by different routes. Using this control could have increased our understanding of the immune responses in these cases. The lack of this control does not allow comparison studies when using different immunization routes.

Finally, it was clear that when using the PorA~222~-HpaA hybrid expressed in *L. lactis,* administered by oral route, the PorA moiety of the hybrid behaved as an adjuvant, increasing the level of anti-HpaA antibodies 3 times. The bactericidal activity of the antibodies induced by the PorA-HpaA hybrid was not tested, because it has not been reported that HpaA antigen alone is capable of inducing mice antibodies with the ability to lyse *H. pylori* cells.

We did not test the ability of the PorA~222~ fragment to induce bactericidal antibodies, because PorA~222~ lacks the VR1 region, and VR1, as well as the VR2 regions are primarily involved in the induction of bactericidal antibodies for the strain B15:P1.7,16;[@cit0026] therefore, we anticipated that the ability to induce bactericidal antibodies against PorA may be reduced.

Altogether, the above results and the bactericidal activity detected in all experimental mice groups support the possibility that PorA may function as a strong adjuvant, particularly rPorA, and may be a promising antigen in vaccines against *N. meningitidis* B. It should be noted that the detection of antibodies with bactericidal activity is the gold standard technique for measuring protection against meningococcal B bacteria.[@cit0034] The titers of bactericidal activity were between 1:8 and 1:16, surpassing the accepted values for protective bactericidal activity titers in Europe (≥1:4) and in the US (≥1:8).[@cit0067]

In summary, these data support the use of rPorA as an adjuvant and in the development of a novel meningococcal B oral vaccine. The next-generation vaccine NonaMen induced high SBA titers against all tested MenB strains, when administered subcutaneously in rabbits and mice, regardless of whether aluminum phosphate was used as an adjuvant,[@cit0031] suggesting that an adjuvant was not necessary.

Methods {#s0004}
=======

Bacterial strains and growth conditions {#s0004-0001}
---------------------------------------

Group B *N. meningitidis,* strain B:15:P1.3, obtained from the meningococcus reference laboratory of the Instituto de Salud Pública (ISP-Chile) as strain M-225/2003, was grown on proteose peptone agar at 37°C for 18 h in a humid atmosphere containing 5% (v/v) CO~2~. *E. coli* BL21 (DE3), used for expressing the recombinant PorA protein, was grown in Luria-Bertani (LB) medium with 100 μg/ml ampicillin. The plasmids were maintained in *E. coli* DH5α grown in the above LB medium, as well as on LB-agar plates with the same amount of ampicillin. *Lactococcus lactis* NZ9000 containing pSEC plasmid and its derivatives was grown for 16 hours in M17 medium at 37°C with 10% CO~2~, 0.5% glucose and 30 μg/ml chloramphenicol. For plasmid transfer, all bacteria were electroporated under standard conditions (0.2 cm electroporation cuvettes, with an electric field of 2000 volts/cm, solution resistance adjusted to 400 ohms and 25 μF capacitance), in a BioRad (Hercules, California, USA) Gene Pulser device.

Cloning of *porA* and *porB* genes in a plasmid expression system {#s0004-0002}
-----------------------------------------------------------------

The *porA* gene was obtained via PCR, using cell lysate from the strain *N. meningitidis* M-225/2003 as the DNA source, Pfu DNA polymerase and PorAF and PorAR as the primers. Both primers (sequences displayed in [**Table 1**](#t0001){ref-type="table"}) were designed using the PorA gene sequence described by Saunders et al.[@cit0045] PCR included the following steps: 94°C for 15 sec, 55°C for 30 sec and 68°C for 90 sec, over 30 cycles. The amplified *porA* gene included *NdeI* and *HindIII* restrictions sites at its 5′ and 3′ ends, respectively, as they were introduced into the primer sequences. The PCR product was dA-tailed with Taq polymerase and ligated into the *pGEM-T* vector and, after electroporation, replicated in *E. coli* DH5α. The amplicon was further identified by DNA sequencing. The *porA* gene was subcloned into the pET21 expression vector by ligation to the NdeI and HindIII vector sites and then transformed into *E. coli* DH5α for plasmid storage and into *E. coli* BL21 (DE3) for expression studies.

The *porB* gene was also amplified from the Chilean strain B:15:P1.3 (strain M225-2003, ISP-Chile) by PCR, using Pfu polymerase and PorBF and PorBR2 as primers ([**Table 1**](#t0001){ref-type="table"}), and ligated into pGEMT-Easy, following dA-tailing at its 3′ends. Next, the NcoI-XhoI gene insert was released and ligated to pET21d for expression in *E. coli* BL21 (DE3). The forward primer included an NcoI site, and the PorB signal peptide and reverse primer contained an XhoI site in frame to the 3′ end of the *porB* gene to add the His-Tag provided by the vector. After 0.5 mM IPTG induction for 4 hours, the PorB expression was verified through SDS-PAGE using a 12% gel, followed by Western blotting with rabbit anti-His-Tag as the primary antibody (1:1000 dilution) and goat anti-rabbit HRP (1:1000 dilution) as the secondary antibody. The nitrocellulose membrane was analyzed using AP Conjugate Substrate kit (BioRad). DNA sequencing revealed 99% identity to the *porB* gene from the fully sequenced strain MC58.

Construction of PorA hybrid genes {#s0004-0003}
---------------------------------

Hybrids were designed with the PorA moiety at the N-terminus and HpaA carrying the C-terminus. The N-terminus of PorA~222~ and PorA~351~ sub-fragments for hybrid constructions were amplified using purified the previously obtained pET21a-PorA plasmid as the template (100 ng per assay). For PorA222 amplification, the primers used were PorAF222 and PorAR222. The primer sequences are presented in [**Table 1**](#t0001){ref-type="table"}. The PCR reactions (50--100 μl final volume) were performed with GoTaq DNA polymerase, following standard assay conditions as described by the manufacturer. The thermocycling conditions were as follows: Initial denaturation step for 1 min at 94°C; 35 cycles with denaturation (1 min at 94°C), annealing (2 min at 57°C) and elongation (3 min at 72°C) steps; and a final elongation (10 min at 72°C). The amplicons were ligated to pGEMT-Easy, transferred by electroporation to the *E. coli* cells, released by NcoI and XhoI digestions and ligated to the NcoI/XhoI-digested pSEC-HpaA plasmid. The pSEC plasmids were transferred to *L. lactis* by electroporation. Both constructions lacked signal peptides but were in frame with the signal peptide provided by the pSEC plasmid for expression in *L. lactis.*

Expression and purification of recombinant PorA (rPorA) protein {#s0004-0004}
---------------------------------------------------------------

PorA for the immunization studies was purified from a single bacterial colony of *E. coli* BL21 (DE3) containing the pET21a*-porA* plasmid. The colony was inoculated into LB-ampicillin medium and incubated overnight at 37°C with shaking (220 rpm). A fresh LB medium was inoculated using a 1:100 dilution of an overnight culture and incubated as described above, until an OD**~600~** of 0.4--0.5 was reached. PorA expression was then induced using 0.5 mM IPTG (isopropyl-β-D-thiogalactoside) and by incubating further for 2 hours at 30°C with shaking at 220 rpm. The cells were harvested by centrifugation (10,000 rpm, Sorvall RC2B) and stored at −20°C.

The recombinant PorA contained an additional C-terminal His tag to allow purification through a Ni-NTA column. The protein was purified under denaturing conditions, according to the instructions of the manufacturer (Invitrogen, cat K850-01). Before eluting PorA, *E. coli* LPS-bound protein contaminations were eliminated by washing the column with isopropanol, following the guidelines indicated by Kees et al.[@cit0068] Next, 2 ml fractions were collected and analyzed by SDS-PAGE and stained with Coomassie blue, and rPorA was identified by Western blotting, using custom-made rabbit polyclonal or anti-His6 monoclonal antibodies against PorA. To remove urea, the PorA-containing fractions were pooled and dialyzed overnight at 4°C with 10 mM Tris HCl, pH 8.0 containing 0.1% Triton X-100. Finally, a Detoxi-Gel^TM^ Endotoxin Removing Gel column (Thermo Scientific, Waltham, MA 02451 USA) was used for pyrogen removal. The protein concentration in the fractions was determined using the Bradford method.[@cit0069]

For protease degradation studies, PorA was obtained from 2 liters of PorA-expressing cultures (split in 4 one-liter flasks), using the procedure described previously, under denaturing conditions (8 M urea) during Ni-NTA column elution.

PorB purification for protease degradation studies {#s0004-0005}
--------------------------------------------------

PorB was purified under denaturing conditions, using an Ni-NTA column (Invitrogen). Elution was performed with 250 mM imidazole, according to the instructions from the vendor with some modifications. Briefly, 2 liters of culture split in 4 flasks (LB medium, 100 μg/ml ampicillin) were inoculated (1:100), cultured overnight, grown until the OD~600~ reached 1.1-1.4 and induced with 0.5 mM IPTG for 4 hours. The cells were washed (0.16 M NaCl) and separated by centrifugation (Beckman J21, rotor J10, 4000 rpm, 4°C) for 30 min. The pellet was suspended in 8 ml of 0.15 M NaCl and washed again. The pellet was re-suspended in 20 ml of buffer 1 (8 M urea, 0.01 M TrisHCl, 0.1 M NaH~2~PO~4~, 1% Triton X-100, pH 8.0), split into 3 15-ml Falcon tubes and sonicated for 22 min at 40% power and 70% pulse frequency on ice (small probe, Omni sonicator, model Omni-Ruptor 250, Kennesaw, GA 30144, USA), until a clear lysate was observed. This lysate was filtered through a 0.2 μm GyroDisc CA-PC filter and kept frozen at −20°C, if necessary. Twenty milliliters of lysate were mixed with 2 ml of Ni-NTA-agarose and incubated at room temperature for 10 min. Next, a 5-ml syringe with glass fiber at the bottom was loaded with 2 ml of resin. The column was washed with 10 ml buffer 1, 10 ml buffer 2 (buffer 1 containing 20 mM imidazole) and 10 ml of buffer 3 (buffer 2 adjusted at pH 6.3), and the bound protein was eluted with 10 ml of buffer 4 (buffer 3 containing 250 mM imidazole). The elute was collected in 0.5 ml fractions, and 20 μl aliquots of each were analyzed using SDS-PAGE, as described for PorA. The fractions with higher amount of PorB were pooled and kept frozen at −20°C, until use.

Immunization of animals {#s0004-0006}
-----------------------

BALB/c (Hd[@cit0002]) female mice (6--8 weeks old) used for the immunization studies with the purified PorA were provided by the Instituto de Salud Pública de Chile (ISP). The animals were housed under controlled conditions (12/12 h photoperiod) at 22°C and received water and food *ad libitum*. The BALB/c mice used for the oral immunization with PorA-HpaA hybrids were provided by the animal facilities of the Faculty of Biological Sciences (Pontificia Universidad Católica de Chile). In both cases, the animals were treated and sacrificed following guidelines of the Guide for the Care and Use of Laboratory Animals, National Research Council, Canada, as recommended by the institutional Bioethics and Biosafety Committees of the sponsor institutions. The immunization protocols were previously approved by these committees.

Immunizations with purified rPorA and with rPorA mixed with AbISCO**^TM^**-100® were performed. Groups of 8 mice of 6--8 weeks of age were orally immunized by gavages (0.5 × 19 mm in diameter) with 5 and 10 μg of rPorA mixed with 24 μg of AbISCO**^TM^**-100® adjuvant in a final volume of 200 μl per dose. The AbISCO**^TM^**-100® adjuvant was obtained from Isconova AB, Uppsala, Sweden. The AbISCO**^TM^**-100® adjuvants were saponin-containing ISCOM-Matrix preparations.[@cit0070]

Group 1 was immunized with a mixture of 5 μg of the rPorA protein combined with 50 μL of AbISCO**^TM^**-100® (containing 0.48 mg/ml of Quillaja saponins), group 2 with 5 μg of rPorA alone, group 3 with a mixture of 10 μg of rPorA and 50 μl of AbISCO**^TM^**-100® and group 4 with 10 μg of the rPorA protein alone. Group 5, the control group, was immunized with preparations containing AbISCO**^TM^**-100® alone, suspended in PBS (136 mM NaCl, 1.5 mM KH~2~PO~4,~ 10 mM Na~2~HPO~4,~ 2.7 mM KCl, pH 6.8). All immunizations were performed on days 1, 3, 5 and 20. Blood samples were taken before the first immunization and on day 28. Simultaneously, splenocytes were obtained, and IL-4 and IFN-γ secretion were determined. All sera were stored at −20°C. This study complied with the animal care and animal experimental guidelines of the ISP Ethics and Biosafety Committee.

Oral immunizations using *Lactococcus lactis* expressing PorA fused to the N-terminus of HpaA*,* a *Helicobacter pylori* antigen {#s0004-0007}
--------------------------------------------------------------------------------------------------------------------------------

The protocol was adapted from Gu et al.[@cit0071] and Scavone et al.[@cit0072] Five groups of 7 female BALB/c mice each, aged 7--9 weeks, were separated as follows: Control group 1, PBS group orally immunized with 6 doses of 200 μl of buffer (PBS:7.5% NaHCO3 in 4:1 ratio); Control group 2, pSEC group immunized with *L. lactis* carrying only the pSEC cloning vector lacking the nisin promoter, with 3 primary daily doses (approximately 1- 5 × 10[@cit0009] CFU/mice) given in the first week and 3 similar booster doses one days 15, 16 and 17; HpaA control group 3 immunized with *L. lactis* expressing the *H. pylori* HpaA antigen cloned in pSEC and induced with 10 ng/ml nisin; PorA~351~-HpaA hybrid group 4 immunized with *L. lactis* expressing the larger hybrid cloned in pSEC; and PorA~222~-Hpa hybrid group 5 expressing the smaller hybrid. All oral immunizations, except group 1, were performed using the *L. lactis* grown under the same conditions, induced with nisin, suspended in a solution of PBS:7.5% NaHCO~3~ (4:1), administered in a volume of 200 μl using an orogastric Tygon tubing. At week 6, after the primary immunization, mice were challenged with *H.pylori* SS-1 (a 200μl single 1 × 10[@cit0008] CFU/mice dose), and at week 9, the mice were sacrificed by cervical dislocation. Blood samples were taken at days 1, 14, 41 and 62.

Evaluation of serum IgG immune response against rPorA by ELISA {#s0004-0008}
--------------------------------------------------------------

Pools of murine antisera from each experimental group were analyzed using ELISA to test anti-PorA antibodies. The ELISA plates were coated by incubating with 1 μg of rPorA for 1 h at 37ºC or overnight at 4°C. The plates were blocked with 1% BSA-PBS for 1 h at 37°C. The plates were washed with PBS-0.02% Tween 20 solution, and the mice sera were added to the wells in triplicates at 2-fold consecutive dilutions in 1% BSA-PBS solution. The plates were washed after incubating for 1 h at 37°C. Next, for detecting bound IgG, alkaline phosphatase-conjugated goat polyclonal antibody against mouse IgG (SIGMA, St. Louis, MO 63103) (diluted 1:1000 in 1% BSA-PBS) was added and incubated at 37°C for 1 h. The alkaline phosphatase activity was detected by incubating with 100 μl of 1 mg/ml of p-nitrophenyl phosphate in carbonate buffer (pH 9.8). The reaction was stopped by adding 50 μl of 3 M NaOH, and the absorbance was read at 405 nm in an ELISA plate reader. The ELISA data for sera IgG were expressed relative to the absorbance obtained for the control mice group.

Evaluation of serum IgG immune response against *H. pylori* HpaA by ELISA {#s0004-0009}
-------------------------------------------------------------------------

The IgG anti-HpaA antibodies induced by the oral administration of *L. lactis* expressing the HpaA antigen were determined in 96-well ELISA plates. Each well was activated by coating with 100 μl solution containing 500 ng of purified His-tagged HpaA antigen by a 17-hour incubation at 4°C in rotary shaker. Next, after 3 washes with PBS, the plate was blocked with 200 μl PBS-1% BSA solution per well for 1 hr at room temperature with shaking. The plates were washed 3 times as described previously. A 100 μl volume of each mouse serum was added at 1:64 dilution (in PBS-1% BSA solution) and the plates were incubated at 37°C for 2 hours and washed 3 times, as described previously. Next, 50 μl of the secondary anti-mouse IgG antibody conjugated to HRP (1:3000 dilution in PBS-1% BSA) was added and incubated for 1 h at 37°C. The plates were washed as described previously. The reaction was detected using a mixture of 1 mg/ml TMB (in DMSO) diluted 1:10 in 35 mM citrate/67 mM phosphate buffer, pH 5.0 and a 1:1000 dilution of 30% v/v H~2~O~2~. Fifty microliters of this mix were added per well, and the plate was incubated for 10 min at 25°C. The reaction was stopped with 100 μl 4N H~2~SO~4~ per well. The plate was read at 450 nm. To obtain a standard curve, an anti-HpaA polyclonal antibody (GrupoBios-Chile) was used in a serial dilution starting from 1:1000 to 1:28000. For simplicity, the first point in the curve was given the value of 1000 arbitrary units. The standard curve was adjusted to a log equation, which was then applied to analyze the samples. To facilitate comparison, the pre-immune values were subtracted from all sample absorbance values.

ELISA analysis of IgG~1~ and IgG~2a~ from mice sera antibodies against rPorA {#s0004-0010}
----------------------------------------------------------------------------

The analysis of specific IgG~1~ and IgG~2a~ directed against rPorA were performed using a modification of Mouse Immunoglobulin Isotyping ELISA Kit (\#550487 BD PharMingen, San Diego, CA, USA). Briefly, the ELISA plates were coated overnight with 1 μg of rPorA and blocked for 30 minutes with 1% BSA at room temperature. The experimental animal sera (pool of serum from each experimental group) were diluted 1:50 in 1% of BSA, and 100 μl were added to the wells in triplicates. The plates were washed with the PBS-0.05% Tween 20 solution, and 50 μl of either the mouse monoclonal antibody against IgG~1~ or that against IgG~2a~ were added (\#550487 BD PharMingen, San Diego, CA, USA) and incubated for 1 h at room temperature. The wells were washed and incubated with the HRP-conjugated goat polyclonal antibody against mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA 95060, USA) diluted 1:200 in 1% BSA at 37°C for 1 h. HRP was detected by incubation at room temperature with the reagents available in the BD kit. The absorbance was read at 450 nm. The ELISA data of both IgG~1~ and IgG~2a~ sera were analyzed in triplicates and expressed relative to the absorbance values obtained in the mice experimental control group.

Measurement of IL-4 and IFN-γ secretion in splenocytes {#s0004-0011}
------------------------------------------------------

Intact splenocytes were obtained from immunized and sacrificed mice. After erythrocyte lysis with 0.15 M NH**~4~**Cl pH 7.4 buffer, the splenocytes were seeded in 1 ml RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA 02451 USA) in 24-well flat-bottom plates in triplicates, at a concentration of 5 × 10[@cit0006] cells/ml. The cells were pulsed with 5 μg of rPorA and incubated for 72 h (37°C and 5% C0~2~). IL-4 and IFN-γ were evaluated in the cell culture supernatants using ELISA, with Quantikine kit (R&D System, Minneapolis, MN 55413, USA), specific for each cytokine, according to the manufacturer\'s protocol.

Serum bactericidal assays {#s0004-0012}
-------------------------

Serum bactericidal activity assays were performed by a standard method using human serum as complement source, at biosafety level 2 facilities in the meningococcal reference laboratory of the ISP. The serum bactericidal activity (SBA) titers obtained at the lowest dilution to kill ≥ 50% of the target strain were recorded as described.[@cit0073]

Statistical analysis {#s0004-0013}
--------------------

All PorA data were analyzed using Prism software (GraphPad Software Inc., San Diego, CA). The anti-HpaA IgG mice response was statistically analyzed by ANOVA followed by the multiple comparison Bonferroni test. The statistical significance was defined as a *P* value of less than 0.05.

Conclusion {#s0005}
==========

In conclusion, this is the first report to describe an oral immunization with rPorA that induced protective bactericidal antibodies with or without an adjuvant. In addition, when PorA is used as a fused protein bound to a non-related antigen and delivered by *L. lactis* probiotic, it induced an enhanced IgG response against the *H. pylori* antigen after oral immunization. Finally, our results with rPorA as a potential adjuvant are similar to those reported for *Neisseria* PorB porin;[@cit0074] however, regarding this last report, the PorB administration routes are different, because this protein has been administered by subcutaneous (s.c.)[@cit0074] or intra-peritoneal (i.p.)[@cit0075] routes. Nevertheless, our data support PorA behavior as a potential oral adjuvant. PorB has been extensively studied at the structural and functional levels,[@cit0076] and its mechanism as an adjuvant involves TLR2/TLR1 hybrid recognition[@cit0077] and enhancing cell survival and continued activation through mitochondrial interactions, protecting these cells from apoptosis.[@cit0078] We compared the resistances of PorA and PorB against known gastrointestinal proteases and observed that PorA performed better than PorB when both porins were submitted to proteolytic degradation. Although differences in their mechanism as adjuvant molecules have been established, a TLR molecule involved in PorA binding has not been described yet. These PorA features strengthen the idea that this protein may be a new and interesting adjuvant molecule, useful to improve orally administered vaccines. Currently, our group is actively working to define the putative TLR involved in the recognition of this antigen by the innate immune system.
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[^1]: \*Sequences of restriction sites are underlined.

[^2]: \*The serum bactericidal activity (SBA) titer was defined as the reciprocal dilution of sera resulting in a 50% decrease in CFU of the target strain.73 Two-fold serial dilutions up to 1:128 were tested.

[^3]: \*\*The strain used in the assay was N. meningitidis B:15.P1.3.

[^4]: Controls: Bacterial viability = 122 CFU; complement = 120 CFU.

[^5]: Heated complement = 120 CFU; Non immune serum = 122 CFU.

[^6]: Sera from each experimental group (8 mice) were pooled.
